Hepatic insulin resistance is a major contributor to hyperglycemia in metabolic syndrome and type II diabetes. It is caused in part by the low-grade inflammation that accompanies both diseases, leading to elevated local and circulating levels of cytokines and cyclooxygenase (COX) products such as prostaglandin E 2 (PGE 2 ). In a recent study, PGE 2 produced in Kupffer cells attenuated insulin-dependent glucose utilization by interrupting the intracellular signal chain downstream of the insulin receptor in hepatocytes. In addition to directly affecting insulin signaling in hepatocytes, PGE 2 in the liver might affect insulin resistance by modulating cytokine production in non-parenchymal cells. In accordance with this hypothesis, PGE 2 stimulated oncostatin M (OSM) production by Kupffer cells. OSM in turn attenuated insulin-dependent Akt activation and, as a downstream target, glucokinase induction in hepatocytes, most likely by inducing suppressor of cytokine signaling 3 (SOCS3). In addition, it inhibited the expression of key enzymes of hepatic lipid metabolism. COX-2 and OSM mRNA were induced early in the course of the development of non-alcoholic steatohepatitis (NASH) in mice. Thus, induction of OSM production in Kupffer cells by an autocrine PGE 2 -dependent feed-forward loop may be an additional, thus far unrecognized, mechanism contributing to hepatic insulin resistance and the development of NASH.
The metabolic syndrome and type II diabetes are major health problems worldwide, with a steadily increasing prevalence. Hepatic insulin resistance is recognized as a major contributor to the pathologically elevated fasting blood glucose levels in these disorders. Both are often accompanied by non-alcoholic fatty liver disease (NAFLD), with pathophysiological conditions ranging from 'bland' steatosis to nonalcoholic steatohepatitis (NASH), which can progress to significant fibrosis and ultimately may lead to cirrhosis. Interestingly, there is a close correlation between hepatic steatosis and insulin resistance. The low-grade chronic inflammation that can be found systemically and locally in the liver also contributes in part to hepatic insulin resistance. 1 In the liver, any systemic or local inflammation elicits a response that involves a complex intercellular communication between parenchymal and non-parenchymal liver cells involving locally produced cytokines and prostanoids. 2 Cytokines and prostanoids released from non-parenchymal liver cells, primarily resident liver macrophages (Kupffer cells), modulate the function of parenchymal cells in a paracrine mode but may also alter their own function in an autocrine mode. Thus, tumor necrosis factor-a (TNF-a), interleukin (IL)-1b and IL-6 released from Kupffer cells enhance the positive acute-phase response in hepatocytes. Prostaglandins released from Kupffer cells can modulate hepatic glucose output 3, 4 and can attenuate the induction of positive acute-phase proteins by IL-6. 5 In an autocrine feed-back loop, prostaglandin E 2 (PGE 2 ) released from Kupffer cells can inhibit TNF-a 6 and IL-6 production 7, 8 but it has also been reported to enhance IL-6 production by Kupffer cells in another study. 9 TNF-a and IL-6 are known to elicit hepatic insulin resistance, 10 and recent evidence clearly suggests that Kupffer cells play a central role in the development of hepatic insulin resistance. 11 We have recently shown that PGE 2 can cause insulin resistance in hepatocytes by a mechanism distinct from but synergistically with IL-6. 12 In the more complex situation of the intact liver, PGE 2 might not only affect hepatic insulin resistance via direct action on hepatocytes but also by modulating the release of other signaling molecules from Kupffer cells. In order to investigate this possibility, we studied the effect of PGE 2 on the cytokine production in Kupffer cells. We show that PGE 2 enhanced the production of oncostatin M (OSM) in Kupffer cells and identified OSM as a so far unrecognized mediator of insulin resistance and possible contributor to the development of steatosis and inflammation in a murine NASH model.
MATERIALS AND METHODS Materials
Narcoreen was purchased from Merial GmbH (Hallbergmoos, Germany). Percollt PGE 2 was purchased from Alexis (Grünberg, Germany); IL-6 was obtained from Strathmann Biotec AG (Hamburg, Germany). Recombinant mouse OSM was purchased from Miltenyi Biotec (Bergisch-Gladbach, Germany). Antibodies against signal transducer and activator of transcription 3 (STAT3), pSTAT3, Akt and pAkt were purchased from Cell Signaling Technology (Frankfurt am Main, Germany) and against rat OSM from Santa Cruz Biotechnology (Heidelberg, Germany). SuperSignal West Pico Chemiluminescent Substrate was obtained from Pierce (Rockford, IL, USA).
Animals
Male Wistar rats (200-300 g) were purchased from Charles River (Sulzfeld, Germany) and kept on a 12-h day/night rhythm with free access to water and a standard 1326 rat diet (altromin). The principles of laboratory animal care were followed. Treatment of the animals followed the German animal protection laws and was performed with permission of the state animal welfare committee.
Murine Models of Hepatic Steatosis and Hepatic Inflammation
Male BALB/c mice were purchased from Charles River Laboratories at 6 weeks of age and housed in a 22 1C controlled room under a 12 h light/dark cycle with free access to food and water. After 1 week of acclimatization, mice were divided into three groups (n ¼ 6 each) and fed either a control diet, a high-fat diet (HFD) containing 30% lard, or a NASH-inducing diet containing 30% lard, 1.25% cholesterol and 0.5% sodium cholate. 13, 14 All chows were prepared by Ssniff (Soest, Germany). After 12 weeks of feeding, animals were killed. Liver tissue was immediately snap frozen and stored at À80 1C for subsequent analysis.
Hepatocyte Preparation and Cultivation
Density gradient-purified hepatocytes were prepared without the use of collagenase as described previously. 15, 16 Hepatocytes were plated on 35-mm diameter tissue culture plates (10 mg/plate, 1 Â 10 6 cells/plate) in M199 containing 1% (v/v) antibiotics (10 U/mg penicillin, 10 mg/ml streptomycin), 100 nM dexamethasone, 0.5 nM insulin and, for the first 4 h of culture, 4% (v/v) newborn calf serum. Experimental treatments were performed after 44 h of culture in M199 containing 1% (v/v) antibiotics and 100 nM dexamethasone.
Kupffer Cell Preparation and Cultivation
Kupffer cells were isolated from rat livers by two-step collagenase-pronase perfusion and subsequently purified by a discontinuous nycodenz gradient as described in detail previously. 6 They were cultured in RPMI medium containing 30% newborn calf serum for 72 h before the experiment. Peritoneal macrophages were isolated by peritoneal lavage with phosphate-buffered saline (PBS) and cultured as described for Kupffer cells.
Immunochemical Protein Analysis
Rat hepatocytes and Kupffer cells were cultivated as described and incubated for the times indicated with 10 mM PGE 2 , 100 ng/ml IL-6 or 10 ng/ml OSM, as indicated. In some experiments, cells were subsequently stimulated with 10 nM insulin for the times indicated. Cells were washed with icecold PBS and frozen in liquid nitrogen. Cell lysates were prepared by addition of 100 ml of lysis buffer per culture plate (20 mM Tris pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% (v/v) Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM b-glycerolphosphate, 50 mM NaF) with protease inhibitors and 1 mM sodium orthovanadate. The detached cells were disrupted by sonication and insoluble material was removed by centrifugation (10 000 g, 15 min, 4 1C). Protein content was determined by the method of Bradford. 17 Kupffer cell supernatants were precipitated with 6 ml aceton per 1 ml supernatant overnight at À20 1C, centrifuged (5000 r.p.m., 1 min), dried and dissolved in lysis buffer to yield a 29-fold concentrated solution. Cell lysates with an equal protein content or concentrated Kupffer cell supernatants were boiled for 5 min in Laemmli buffer, resolved by SDS-PAGE, and transferred to a polyvinylidene difluoride (PVDF) membrane. 18 After transfer, membranes were blocked in 5% nonfat dry milk dissolved in 20 mM Tris, 136 mM NaCl and 0.1% (v/v) Tween (TBS/Tween) for 1 h at room temperature, then membranes were incubated with the first antibody in TBS/Tween containing 5% nonfat dry milk or 5% bovine serum albumin overnight at 4 1C. Membranes were washed three times with TBS/Tween before they were incubated with horseradish-peroxidase-conjugated anti-mouse or anti-rabbit IgG for 2 h at room temperature. Visualization of immune complexes was performed using chemoluminescence reagent.
Rat IL-6 was determined in Kupffer cells supernatants with a rat IL-6-specific commercial ELISA according to the instructions of the manufacturer (R&D Systems, Minneapolis, MN, USA).
Quantitative PCR
Rat hepatocytes or Kupffer cells were cultivated as described and incubated for the times indicated with or without 10 mM PGE 2 , 100 ng/ml IL-6 or 10 ng/ml OSM, as specified. In some cases, cells were subsequently stimulated with 10 nM insulin for 120 min. Cells were washed with ice-cold PBS and frozen in liquid nitrogen. RNA was isolated using the SV Total RNA Isolation System (Promega, Madison, WI, USA). cDNA was synthesized from purified RNA. RNA, 500 ng Oligo(dT) 12À18 and 200 ng random hexamer primer were incubated at 70 1C for 5 min. Subsequently, the samples were kept on ice and 5 Â RT buffer and 1 mM dNTP mix were added. 
RESULTS

STAT3 Phosphorylation in Hepatocytes by Kupffer
Cell-Conditioned Medium We and others have previously shown that PGE 2 and IL-6 interact to modulate the liver's response to inflammation in a complex manner: 5, 19 IL-6 is a major mediator of the acutephase response in hepatocytes. In primary cultures of isolated rat hepatocytes, it increased STAT3 phosphorylation ( Figure 1 ) and thereby enhanced the expression of positive acute-phase proteins (not shown). As previously shown, PGE 2 tended to reduce the IL-6-dependent STAT3 phosphorylation ( Figure 1 ), thereby attenuating the acute-phase response (not shown), although this effect was not significant in the current study. Notably, PGE 2 itself had no influence on the basal STAT3 phosphorylation in isolated hepatocytes ( Figure 1 ). In order to elucidate the impact of PGE 2 on the STAT3 phosphorylation in the more complex situation of the whole liver, in which intercellular communication between Kupffer cells and hepatocytes contributes to the signal generation, hepatocytes were incubated with Kupffer cell-conditioned medium. Kupffer cell-conditioned control medium caused a stronger STAT3 phosphorylation in hepatocytes than the control medium that had no previous contact with Kupffer cells (Figure 1 ). Apparently, unstimulated Kupffer cells already secreted one or more mediators that caused STAT3 phosphorylation in hepatocytes. STAT3 phosphorylation in hepatocytes by conditioned medium was only slightly enhanced if Kupffer cells were incubated with IL-6 during the conditioning period. Thus, IL-6 most likely neither enhanced the mediator production by Kupffer cells to any significant extent nor did the IL-6 still present in the conditioned medium add to the background STAT3 phosphorylation in the hepatocytes caused by Kupffer cell-conditioned control medium. However, in contrast to unconditioned PGE 2 -containing medium, medium that had been conditioned by Kupffer cells in the presence of PGE 2 increased STAT3 phosphorylation in hepatocytes to a larger extent than IL-6 ( Figure 1 ). The strongest STAT3 phosphorylation was observed with medium conditioned by Kupffer cells in the presence of a combination of IL-6 and PGE 2 ( Figure 1 ). As PGE 2 did not itself cause a STAT3 phosphorylation in hepatocytes, the results indicated that PGE 2 stimulated the release of one or more mediators from Kupffer cells that are capable of stimulating STAT3 phosphorylation in hepatocytes.
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Modulation of Cytokine Production in Kupffer Cells by PGE 2
It is well known that PGE 2 can modulate the endotoxinstimulated cytokine production in Kupffer cells. Thus, it inhibited the endotoxin-induced TNF-a production and either inhibited or augmented the endotoxin-induced IL-6 production without affecting the cytokine production in the absence of endotoxin. 6, 7, 9 In line with these observations, PGE 2 barely affected the IL-6 expression on the mRNA level ( Figure 2a ) and did not enhance IL-6 secretion from Kupffer cells (Figure 2b ). IL-6 caused a slight but not significant increase in IL-6 mRNA. As human IL-6 was used to stimulate Kupffer cells, it was possible to determine the endogenous IL-6 production with an ELISA highly selective for rat IL-6. Human IL-6 did not enhance the endogenous IL-6 production in rat Kupffer cells (Figure 2b) . A significant increase in IL-6 mRNA was observed only after a combined stimulation of Kupffer cells with IL-6 and PGE 2 . Under these conditions, a significant amount of rat IL-6 also accumulated in the Kupffer cell supernatant (Figure 2b) . Notably, the final concentration of rat IL-6 in the supernatant was about two to three orders of magnitude lower than the amount of human IL-6 added to the cultures. Thus, a PGE 2 -dependent increase in Kupffer cell IL-6 production was apparently not responsible for the STAT3 phosphorylation by Kupffer cellconditioned media in response to PGE 2 .
PGE 2 -Dependent Stimulation of OSM Production in Kupffer Cells
Among the cytokines that activate STAT3-dependent signaling pathways, OSM is produced by activated macrophages and thus seemed to be a likely candidate to be produced in Kupffer cells in response to PGE 2 . PGE 2 induced the OSM mRNA approximately sevenfold (Figure 3a ). IL-6 affected neither the basal nor the PGE 2 -dependent induction of OSM mRNA. Treatment of Kupffer cells with PGE 2 for 24 h increased the OSM protein content in supernatants approximately five-to six-fold (Figure 3b ). IL-6, which left basal OSM formation almost unaffected, did not alter the PGE 2 -dependent OSM induction. Similar results were obtained after 2 h of PGE 2 and/or IL-6 treatment, and the absolute OSM concentration was approximately twofold lower (not shown). Thus, OSM appeared to be a likely candidate phosphorylation in hepatocytes by IL-6 and an unknown cytokine released from Kupffer cells in response to PGE 2 . Rat hepatocytes were isolated non-enzymatically and highly purified by density gradient centrifugation. They were cultured as detailed in the Materials and methods section for 48 h. Before the experiment, hepatocytes were washed twice with RPMI medium without NCS and preincubated for 30 min with RPMI medium without NCS. Kupffer cells were isolated by a combined pronase/ collagenase digestion and purified on a nonlinear nycodenz gradient. They were cultured for 72 h. They were then washed two times with RPMI medium without NCS and incubated for 30 min with RPMI medium without NCS before stimulation with 100 ng/ml human IL-6, 10 mM PGE 2 or both for 120 min. Kupffer cell-conditioned medium or unconditioned RMPI medium to which the same stimuli had been added were then applied to the primary cultures of rat hepatocytes. After 360 min, hepatocytes were solubilized in lysis buffer. STAT phosphorylation was determined by western blot analysis with STAT3 and phospho-STAT3-specific antibodies. Values are means±s.e.m. of four independent experiments. The ratio of pSTAT3/STAT3 in hepatocytes treated with IL-6 or Kupffer cell medium conditioned in the presence of IL-6, respectively, was set to 100%. Statistics: Student's t-test for unpaired samples; OSM-Dependent STAT3 Phosphorylation and SOCS3 Induction in Hepatocytes Similar to IL-6, OSM stimulated STAT3 phosphorylation in isolated hepatocytes (Figure 4 ). The PGE 2 -dependent OSM production in Kupffer cells could thus be the basis for the induction of STAT3 phosphorylation in hepatocytes by supernatants of Kupffer cell cultures exposed to PGE 2 . In order to elucidate a possible interference between insulin and OSM signaling, hepatocytes were stimulated with 10 nM insulin subsequent to incubation with either IL-6 or OSM. Neither the IL-6-dependent nor the OSM-dependent STAT3 phosphorylation was affected by a subsequent stimulation of the hepatocytes with insulin.
IL-6 has previously been shown to interfere with insulin signaling in hepatocytes by inducing SOCS3 in a STAT3-dependent manner. 10, 12 It was therefore tested whether OSM can induce SOCS3 formation in isolated hepatocytes. In line with expectations, OSM induced SOCS3 mRNA to a similar extent as a tenfold higher dose of IL-6 ( Figure 5 ). Neither the IL-6-dependent nor the OSM-dependent induction of SOCS3 mRNA was affected by subsequent treatment with insulin.
Similar to Kupffer cells, OSM production was induced by PGE 2 in peritoneal macrophages (not shown). In hepatocytes, conditioned medium of PGE 2 -treated macrophages induced a stronger STAT3 phosphorylation and SOCS3 induction than conditioned medium from controls. If the Hepatic insulin resistance by PGE 2 and OSM J Henkel et al medium was incubated with an neutralizing anti-OSM antibody before stimulation of hepatocytes, the difference between conditioned medium of control cells and PGE 2 -treated macrophages was completely abolished (Figure 6 ).
In Vivo Relevance of the In Vitro Data
In order to elucidate whether the PGE 2 -dependent OSM production might be of relevance in vivo in a situation similar to the metabolic syndrome, the hepatic expression of key regulatory enzymes of the prostanoid production and the expression of the cytokines IL-6 and OSM was determined in the course of the development of NAFLD in two different murine NAFLD models. Specimens of a previous animal experiment were used. 14 In one model, in which alterations closely resembling the (histo)pathophysiological changes observed in human NASH were induced, 13 steatosis as well as clear signs of inflammation developed (Figure 7) , whereas the other model led to a similar degree of hepatic steatosis but without significant hepatic inflammation.
14 In the animal model showing histological signs of inflammation, both ALT and AST were significantly elevated, whereas only slightly and not significantly elevated ALT and AST levels were found in the steatosis model without histological signs of inflammation (Figure 7) . At the time of killing, animals with steatotic livers had significantly elevated plasma glucose levels compared with the control group, whereas animals with signs of inflammation had similar plasma glucose levels as the controls ( Figure 7) .
As prostaglandins are not stored, prostaglandin levels depend on the rate of local production. Whereas (COX-1 is responsible for the prostaglandin production for most physiological processes, COX-2 in macrophages is induced during inflammation. As expected, COX-1 expression did not change very much in the course of the development of NASH. In contrast, COX-2 expression increased 50-fold in NASH livers (Figure 8) . Notably, in livers with no apparent signs of inflammation, COX-2 was already induced approximately threefold.
Cytokine expression also increased in the course of NASH development. Thus, IL-6 mRNA levels were induced approximately fivefold in NASH livers. No induction of IL-6 was observed in livers with steatosis only (Figure 9 ). OSM mRNA was induced to a much larger extent than IL-6 mRNA. In NASH livers it was elevated approximately 30-fold in comparison with animals fed a control diet. Notably, OSM mRNA in contrast to IL-6 mRNA was already increased in livers of animals that had no apparent signs of inflammation ( Figure 9) . In order to analyze the possible impact of the increased prostaglandin and OSM production on the development of insulin resistance and steatosis, the impact of OSM on insulin signaling in hepatocytes was studied.
Attenuation of Insulin-Dependent Akt Activation and Glucokinase Induction by OSM Induction of SOCS3 has been shown to interrupt the insulin signal chain in hepatocytes. Therefore, it was tested whether OSM interfered with insulin signaling in hepatocytes. Stimulation of hepatocytes with insulin leads to an activation of the Akt kinase that can be monitored by the serine phosphorylation of the enzyme (Figure 10 ). In rat hepatocytes, insulin increased the ratio of phosphorylated Akt to total Akt approximately sevenfold. Previous incubation of the Figure 6 Inhibition by a neutralizing anti-OSM antibody of STAT3 phosphorylation and SOCS3 induction in rat hepatocytes by conditioned media. Rat hepatocytes were isolated and cultured as described in the legend to Figure 1 . After a final medium change, they were incubated for 6 h with control medium, medium containing 0.1 mM PGE 2 or conditioned media of peritoneal macrophages cultured with or without 0.1 mM PGE 2 for 24 h. Where indicated, conditioned medium was incubated with a neutralizing anti-OSM antibody before addition to hepatocytes. Hepatocytes were shock frozen and processed to analyze STAT3 phosphorylation or SOCS3 mRNA level as detailed in the Materials and methods section. pSTAT3/STAT3 ratio and SOCS3 mRNA level of hepatocytes treated with conditioned medium of control macrophages were set to 100%. Values are means±s.e.m. of four independent experiments. Statistics: Student's t-test for unpaired samples; a Po0.05 versus control.
Hepatic insulin resistance by PGE 2 and OSM J Henkel et al Activation of the Akt kinase results in the increase of the hepatocyte's capacity to utilize glucose. One of the key targets downstream of the Akt kinase is the induction of glucokinase, which is a key regulator in glycolysis as well as glycogen synthesis and glucose-dependent gene regulation in hepatocytes. Glucokinase mRNA was induced approximately 100-fold by insulin in rat hepatocytes ( Figure 11 ). As reported previously, IL-6 reduced the insulin-dependent induction of GK mRNA by approximately 90%. A similar attenuation of the insulin-induced induction of GK mRNA was observed after incubation of hepatocytes with a tenfold lower concentration of OSM. Glucokinase induction was also attenuated by PGE 2 . Notably, PGE 2 further enhanced the IL-6-or the OSM-dependent attenuation of the insulin-dependent glucokinase induction.
Impact of PGE 2 and OSM on Genes of Proteins Involved in Hepatic Lipid Metabolism
A decrease in hepatic glucose utilization could contribute to hyperglycemia but would rather protect the hepatocyte from steatosis, as the substrate for de novo liponeogenesis is not readily metabolized. However, lipid accumulation analyzed by oil red-staining occurred in hepatocytes treated with insulin, PGE 2 , and in OSM-treated cells (Supplementary Data, Figure S1 ). Triglyceride accumulation in hepatocytes not only depends on intrahepatic liponeogenesis but is also dependent on the rate of fatty acid oxidation and secretion of triglycerides from the hepatocyte into the plasma. A key regulatory enzyme in mitochondrial hepatic fatty acid oxidation is CPT1. CPT1 expression was decreased in response to insulin, IL-6, OSM and PGE 2 ( Figure 12) . Notably, CPT1 levels were Figure 10 Inhibition of the insulin-dependent phosphorylation of Akt by IL-6 and oncostatin M in rat hepatocytes. Rat hepatocytes were isolated and cultured as described in the legend to Figure 1 . After a final medium change, they were incubated with IL-6 or oncostatin M for 330 min and subsequently without a further medium change with insulin for 60 min, as indicated. Cells were shock frozen, solubilized in lysis buffer and Akt phosphorylation was determined by western blot analysis with phosphospecific antibodies. Values are means ± s.e.m. of three independent experiments. Statistics: Student's t-test for unpaired samples; a Po0.05 versus control, b Po0.05 versus insulin stimulated. Figure 11 Inhibition of the insulin-dependent glucokinase induction in rat hepatocytes by IL-6, oncostatin M and PGE 2 . Rat hepatocytes were isolated and cultured as described in the legend to Figure 1 . After a final medium change, they were incubated with 100 ng/ml IL-6, 10 ng/ml oncostatin M and/or 10 mM PGE 2 for 330 min and subsequently without a further medium change with insulin for 120 min, as indicated. Cells were shock frozen, lyzed in chaotropic buffer and glucokinase (GK) mRNA was determined by RT real-time PCR with b-actin as reference gene. The GK mRNA level in insulintreated hepatocytes was set to 100%. Values are means±s.e.m. of the number of independent experiments indicated. Note the log scale on the y-axis. Figure 12 Synergistic repression of CPT1 by PGE 2 and oncostatin M. Rat hepatocytes were isolated and cultured as described in the legend to Figure 9 . After a final medium change, they were incubated with IL-6, oncostatin M and/or PGE 2 for 330 min and subsequently without a further medium change with insulin for 120 min, as indicated. Cells were shock frozen, lyzed in chaotropic buffer and carnitine palmitoyl transferase 1 (CPT1) mRNA was determined by RT real-time PCR with b-actin as reference gene. The CPT1 mRNA level in insulin-treated hepatocytes was set to 100%.
Values are means ± s.e.m. of three independent experiments. Statistics: Student's t-test for unpaired samples; Hepatic insulin resistance by PGE 2 and OSM J Henkel et al lowest in cells treated with a combination of PGE 2 and either OSM or IL-6. In hepatocytes treated with IL-6, OSM and/or PGE 2 , the insulin-dependent regulation of CPT1 expression was attenuated.
Insulin, as previously reported, decreased ApoB expression in hepatocytes. PGE 2 decreased ApoB expression to a larger extent than insulin and appeared to enhance the insulindependent decrease in ApoB expression ( Figure 13 ). In contrast, IL-6 induced the mRNA of ApoB. Similarly, OSM also induced ApoB mRNA. The induction by both cytokines was reduced by insulin and completely blunted in the presence of PGE 2 .
The lipidation of ApoB is strictly dependent on the presence of MTP. Insulin and IL-6 have previously been shown to decrease the expression of MTP. Whereas insulin caused a 50% reduction (Figure 14) , IL-6 reduced MTP expression to approximately 25% of the control level. PGE 2 and OSM reduced the expression of MTP to a similar extent as IL-6. Notably, PGE 2 again enhanced the IL-6-or OSM-dependent repression of MTP.
DISCUSSION
The current study showed that PGE 2 can stimulate OSM production in Kupffer cells (Figure 3 ). OSM released from Kupffer cells in response to PGE 2 may lead to a paracrine STAT3 phosphorylation in hepatocytes ( Figures 1, 4 and 6) , which results in an induction of SOCS3 (Figures 5 and 6 ).
The same cascade appears to be triggered in vivo in the course of the development of NASH in mouse liver (Figures 8 and 9 ). The OSM-dependent SOCS3 induction in hepatocytes may attenuate insulin-dependent Akt activation ( Figure 10 ) and insulin-dependent induction of the key glycolytic enzyme glucokinase synergistically with PGE 2 ( Figure 11 ). In addition, OSM and PGE 2 synergistically repressed the expression of enzymes critically involved in fatty acid oxidation ( Figure 12 ) and triglyceride export from hepatocytes ( Figures 13 and 14) . Therefore, PGE 2 released locally from Kupffer cells in a state of chronic inflammation that often accompanies obesity might enhance hepatic insulin resistance and the development of hepatic steatosis both directly and by eliciting OSM release from Kupffer cells.
Interplay of Cytokines and PGE 2 PGE 2 influences the liver's response to inflammation in a complex manner: PGE 2 that is released from Kupffer cells in response to cytokines or bacterial endotoxins 2 has been shown to attenuate LPS-induced TNF-a production in Kupffer cells predominantly via activation of the EP4 receptor. 6 In addition, it attenuated the IL-6 production in Kupffer cells 7, 8 and IL-6-dependent acute-phase response in hepatocytes, 5 as well as IL-6-dependent alterations of hepatic VLDL production. 20 These mechanisms contribute to a PGE 2 -dependent counter-regulation to an ongoing inflammation. However, in one study PGE 2 has been shown to enhance endotoxin-stimulated IL-6 production, 9 thereby augmenting the inflammatory response in a feed-forward loop. The stimulation by PGE 2 of OSM production in Kupffer cells described here also represents such a Figure 13 Induction by OSM and IL-6 and repression by insulin and PGE 2 of apolipoprotein B (ApoB) expression. Rat hepatocytes were isolated and cultured as described in the legend to Figure 9 . After a final medium change, they were incubated with IL-6, oncostatin M and/or PGE 2 for 330 min and subsequently without a further medium change with insulin for 120 min, as indicated. Cells were shock frozen, lyzed in chaotropic buffer and ApoB mRNA was determined by RT real-time PCR with b-actin as reference gene. The ApoB mRNA level in insulin-treated hepatocytes was set to 100%. Values are means ± s.e.m. of three independent experiments. Statistics: Student's t-test for unpaired samples; Hepatic insulin resistance by PGE 2 and OSM J Henkel et al proinflammatory feed-forward loop. The stimulation of OSM production in Kupffer cells is no isolated finding: PGE 2 has previously been shown to increase OSM production in astrocytes, monocytes and macrophages of murine and human origin. 21 The inflammatory feed-forward loop might be further bolstered by an OSM-dependent stimulation of PGE 2 production in Kupffer cells as it has been shown for other cell types. 22 Impact of PGE 2 -Dependent OSM Production on Insulin Resistance We have previously shown that PGE 2 attenuated insulin signaling in rat hepatocytes by an EP3-R mediated activation of ERK1/2 that interrupted the intracellular signal chain by a serine phosphorylation of IRS.
12 PGE 2 synergized with IL-6, which also blunted insulin signaling in hepatocytes via an induction of SOCS3. The current results indicate that PGE 2 in addition to directly attenuating insulin signaling in hepatocytes can negatively affect insulin signaling also indirectly by eliciting OSM release from Kupffer cells. OSM in turn inhibited insulin signaling by a mechanism different from the direct action of PGE 2 on hepatocytes most likely similar to the mode of action of IL-6. The OSM-dependent attenuation of insulin signaling was additive to the direct attenuation of insulin signaling by PGE 2 in hepatocytes ( Figure 11 ). The importance of such an indirect mode to induce insulin resistance is underlined by the recent finding that diet-induced hepatic insulin resistance can be blunted by previous functional elimination of Kupffer cells. 11, 23 In addition, Kupffer cells might not be the sole source of OSM relevant for hepatic insulin resistance. OSM released in response to PGE 2 in macrophages in the intra-abdominal adipose tissue and peritoneal macrophages might be additional relevant sources. In line with this hypothesis, PGE 2 was able to elicit OSM formation in mouse peritoneal macrophages (J Henkel et al, unpublished observation).
Impact of PGE 2 -Dependent OSM Production on Hepatic Steatosis Steatosis of hepatocytes can be a result of increased liponeogenesis or decreased triglyceride export or fatty acid oxidation. Although PGE 2 inhibited insulin-induced fatty acid synthesis by attenuating signaling toward Akt kinase and hence the Akt-dependent induction and activation of enzymes involved in lipaciodgenesis, 24 PGE 2 increased triglyceride accumulation in hepatocytes (Supplementary Figure S1 ). This was most likely because of inhibition of fatty acid and triglyceride consuming pathways independently of its interference with insulin signaling, which outweighed the inhibition of insulin-induced lipacidogenesis. In line with this preliminary observation, PGE 2 inhibited the expression of CPT1, the rate-controlling enzyme of mitochondrial boxidation synergistically with OSM. PGE 2 has been shown to inhibit b-oxidation in hepatocytes, 25 whereas OSM rather increased palmitate oxidation in HepG2 cells by inducing acylCoA synthetase 3 and 5. 26 OSM, like IL-6, induced ApoB expression but at the same time repressed the expression of the microsomal transfer protein synergistically with PGE 2 . For IL-6 this has previously been shown to result in a defective VLDL production and an accumulation of triglycerides in the liver. 20 A similar mechanism can be assumed for OSM. Finally, SOCS3 induction in hepatocytes by OSM released in response to PGE 2 might favor fat accumulation in hepatocytes by yet another mechanism: induction of SOCS3 has been shown to be one of the mechanisms by which the hepatocyte can be rendered resistant to leptin signaling. 27 As a consequence, intrahepatic fatty acid metabolism is shifted from oxidation toward intrahepatic lipid accumulation. 28, 29 The lipid accumulation itself might also contribute to hepatic insulin resistance.
In Vivo Relevance
The potential in vivo relevance of the prostaglandin and OSM production in the development of NAFLD and insulin resistance is underscored by the findings in two mouse models of NAFLD (Figures 8 and 9 ). Notably, COX-2 and OSM mRNAs in contrast to IL-6 and TNF-a 14 mRNAs were already increased in livers with bland steatosis, indicating that the activation of this pathway is an early event that precedes overt inflammation. OSM belongs to the class of cytokines that use the common receptor subunit gp130 for signal transduction that activates the JAK/STAT pathway. 30 The prototypical member of this family is IL-6. There is controversial evidence for the role of IL-6 in the development of insulin resistance and hepatic steatosis. IL-6 levels are increased in obese patients and patients with NASH and in vitro experiments clearly show that IL-6 interferes with insulin signaling in hepatocytes, skeletal muscle cells and adipocytes. 31 Chronic exposure to IL-6 caused hepatic insulin resistance whereas depletion of IL-6 in an obese mouse model improved hepatic insulin action. 32, 33 On the other hand, complete knockdown of hepatic gp130 signaling predisposed to rather than protected from the development of steatosis and insulin resistance in the liver. 34 Similarly, knockdown of IL-6 signaling with antibodies against the IL-6 receptor enhanced steatosis but reduced signs of inflammation in a mouse model of diet-induced NASH. 35 Systemic overexpression of IL-6 appears to enhance insulin sensitivity. 36 Although OSM belongs to the same class of cytokines as IL-6, no direct conclusion can be drawn from these studies as to the potential role of OSM in insulin resistance and steatosis. In contrast to IL-6, OSM cannot only signal via the common gp130 subunit but additionally through the OSM-receptor, which itself contains a signal transduction subunit and hence may activate cellular responses that differ from IL-6. 30 Therefore, the impact of OSM on the development of steatosis and insulin resistance in the liver may differ substantially from IL-6. Specific disruption of intrahepatic OSM signaling will be required to prove the hypothesis put forward here.
In summary, in addition to reducing hepatic insulin sensitivity by directly interrupting the insulin signal chain in hepatocytes, PGE 2 released from Kupffer cells or macrophages in tissues draining into the portal vein may contribute to hepatic insulin resistance by enhancing the OSM production in Kupffer cells and macrophages in an autocrine manner. OSM in turn may further reduce insulin sensitivity of hepatocytes in a SOCS3-dependent manner and propagate the development of hepatic steatosis. PGE 2 -dependent OSM formation and OSM signaling might be potential new targets in the treatment of hepatic insulin resistance and steatosis.
Supplementary Information accompanies the paper on the Laboratory Investigation website (http://www.laboratoryinvestigation.org)
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